BACKGROUND: Ventricular tachycardia (VT) with structural heart disease is dependent on reentry within scar regions. We set out to assess the VT circuit in greater detail than has hitherto been possible, using ultra-highdensity mapping.
M
onomorphic ventricular tachycardia (VT) in the context of structural heart disease is usually caused by myocardial reentry in areas of patchy scar or at scar borders. [1] [2] [3] Reentry is facilitated by slowing of conduction because of fibrosis, reduced density of gap junctions, and reduced gap junction function. 4 Conduction velocity is also affected by anisotropy, where conduction velocity parallel to fiber orientation is more rapid than conduction orthogonally; and so conduction velocity is slowed at sites of wavefront curvature, where there is a change in the direction of activation of the wavefront. 5, 6 Mapping of VT circuits is challenging, and is often not possible, because of hemodynamic instability. Activation and entrainment mapping are able to identify the critical isthmus, but recent work in an animal model suggests that entrainment mapping may overestimate the true size of the isthmus. 7 As many VTs are not mappable, VT ablation often relies on a substrate-based approach, which focuses on scar homogenization/elimination of local abnormal ventricular activities (LAVAs). 8 The addition of substratebased ablation has been shown to have better results than ablation of the clinical VT alone, 9 but where substrate ablation is used, the presence of unmappable VTs is associated with poorer outcomes, 8 indicating the importance of identifying the VT circuit. A recent human study has demonstrated the feasibility of using a new electroanatomic mapping system, Rhythmia (Boston Scientific), and its proprietary Orion mapping catheter (Intellamap Orion, Boston Scientific) to generate high-density maps of VT circuits. 10 Although the electrophysiological properties of scar-related VT circuits have been described in a swine infarct model, there has not been, to date, a similar description in human subjects. 7 In this study, we used the Rhythmia system and Orion catheter to create high-density maps of VT circuits in human subjects to (1) examine the topography of VT isthmuses, (2) determine the properties of barriers to conduction that define the VT isthmus, and (3) assess the activation velocities in different parts of the VT circuit.
METHODS
The data, analytic methods, and study materials will not be made available to other researchers for purposes of reproducing the results or replicating the procedure.
Patient Selection
We reviewed all ablation procedures performed for left ventricular (LV) scar-related VT with the Rhythmia system for patients in 6 high-volume European tertiary referral centers between December 2014 and June 2017. We included patients for analysis where VT induced during the ablation procedure was monomorphic and sufficiently well tolerated to allow electroanatomic mapping of the entire VT circuit. All patients underwent mapping with the Rhythmia system and Orion catheter after they were approved for use in Europe. All patients provided written informed consent before participation, and the study was approved by the institutional review boards of the participating centers. We reviewed procedural data, including detailed review of electroanatomic maps and clinical follow-up data at the end of the follow-up period.
Electrophysiology Study
We performed electrophysiology studies under general anesthesia or conscious sedation. A quadripolar non-steerable catheter was placed in the right ventricular apex, and a decapolar steerable catheter was placed in the coronary sinus with, where possible, the distal electrode in an LV branch to allow LV pacing. Pacing from these catheters was performed with a pulse width of 2 ms and current of ≥2× the capture threshold. Endocardial access to the LV cavity was obtained by retrograde aortic access or transseptal puncture. Where indicated, we obtained subxiphoid epicardial access before heparin administration. We performed substrate mapping in sinus or paced rhythm to identify regions of low voltage and LAVAs. After substrate mapping, we induced VT by programmed stimulation from the right ventricular or LV branch catheters at cycle lengths of 600 or 400 ms and up to 3 extrastimuli down to the ventricular effective refractory period or 200 ms. Where VT was not tolerated because of hypotension, we terminated it by overdrive pacing or direct current cardioversion.
Electroanatomic Mapping
We performed electroanatomic mapping with the Rhythmia mapping system and the Orion minibasket catheter (Boston Scientific, Cambridge, MA). During mapping, the Orion catheter was supported by an Agilis sheath (St Jude Medical, St Paul, MN) and the catheter was kept in the collapsed configuration for epicardial mapping. The Rhythmia system automatically collects anatomical and electrogram data as it is moved around the chamber of
WHAT IS KNOWN?
• Ultra-high-density mapping has identified the complex nature of ventricular tachycardia (VT) circuits in animal models, but data on VT circuits in humans are lacking.
WHAT THE STUDY ADDS?
• VT circuits identified are complex with multiple entrances, exits, and dead ends. Tortuous isthmuses are common.
• Local EGM voltage in the VT isthmus is low, consistent with previous definitions of dense scar.
• Regions of slow conduction play an important role in defining VT isthmuses. These functional elements may make identification of isthmuses in sinus or paced rhythm difficult.
3 interest, according to operator-specified beat acceptance criteria. We used the following beat acceptance criteria: (1) ECG morphology match, (2) time stability of electrograms recorded from the mapping catheter, (3) respiratory stability, and (4) maximal distance of electrode to anatomic shell 2 mm, increased to 4 mm where required for adequate point density at the VT isthmus. We filtered bipolar electrograms at 30 and 300 Hz and unipolar electrograms at 1 and 300 Hz, without a notch filter. We created electroanatomic maps by slowly moving the Orion catheter around the chamber of interest, focusing on regions with low voltage, LAVAs or diastolic potentials in VT. Where possible, a map of the entire chamber was constructed. After completion of the procedure, maps were analyzed offline. We determined local activation based on bipolar and unipolar electrograms, with timing indicated by high-frequency near-field bipolar signals and the maximal −dV/dt of the unipolar signal. Signals >0.02 mV (twice the laboratory noise level) were annotated. We manually checked all electrograms with similar gain and sweep speed of 200 mm/s. Activation maps were then exported in MatLab format and analyzed with custom scripts to generate 3-dimensional meshes of activation vectors. To estimate the conduction velocity vector field, a model adapted for 3-dimensional meshes assuming a locally quadratic activation wavefront shape was used. This local model links activation time to spatial coordinates of neighboring nodes. Then, from this activation time model, the local conduction velocity vector field was estimated.
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Assessment of Isthmus Topography
We defined adequate maps of reentrant VT where (1) >90% of the of the cycle length could be identified, (2) a reentrant circuit could be identified with a common isthmus, and (3) point density in the common isthmus was adequate for accurate mapping with a maximum interpolation distance of 3 mm. 7 The critical isthmus was defined as the region between conduction barriers where activation proceeded as more or less parallel wavefronts. Isthmus entrances were defined as the region between the first inward wavefront curvature and the start of smooth parallel conduction in the critical isthmus. Similarly, the exit was defined as the region between the end of the critical isthmus where smooth parallel isthmus conduction stopped and the breakout of the activation wavefront. We defined the length of the common isthmus as the distance from inward wavefront curvature at the entrance to the outward wavefront curvature at the exit, along the center of the isthmus, which allowed us to take account of tortuous isthmus paths. A similar procedure was followed for dead-end activation. The minimum width was defined as the distance from 1 barrier to conduction to the other at the narrowest point. We defined conduction barriers as regions of slow conduction or collision, which demarcated the borders of the isthmus. Where activation wavefronts converged on a conduction barrier, this was designated as complete block, and where wavefronts appeared to traverse a barrier, this was defined as slow conduction. Conduction barrier length was measured from one end of the slow-conducting region to the other along the center of the barrier and the mean width calculated by dividing the barrier area by barrier length. The general axis of orientation of the isthmus was defined as perpendicular to the mitral annulus, parallel to the mitral annulus, or too difficult to define because of tortuosity.
Voltage within the critical isthmus was identified automatically by measuring the maximum peak-to-peak bipolar voltage in diastole (ie, outside the QRS on the surface ECG) in VT and in sinus/paced rhythm.
Measurement of Conduction Velocity
Conduction velocity was modeled on a 3-dimensional mesh (as described above). The mean velocity of the wavefront in the isthmus and dead-end segments was determined by the length of the isthmus divided by the time taken for the activation wavefront to traverse the segment. For entrance and exit zones because of the convergent and divergent activation patterns, mean velocity was taken as the mean of the velocities at each mesh point within the entrance or exit zone. This approach was not used in critical isthmus or dead-end segments to avoid confounding of conduction velocity by slowing of the wavefront as it approached barriers to conduction at the isthmus periphery.
Assessment of Timing of Activation
For each VT, the median timing of the timing activation map mesh points within the entrance, mid isthmus, and exit zones was calculated. Timing was calculated as absolute values, in ms, before the onset of the following QRS. Median timings were also calculated as relative values to the diastolic interval from the end of the preceding QRS to the onset of the following QRS and presented as % of diastole. For absolute and relative values, the median of the individual patient medians was then calculated.
Statistical Analyses
Continuous variables are presented as mean±SD or as median (interquartile range and categorical values as number [percentage]). Where sets of non-normally distributed variables are presented from several patients, the median and interquartile range of the within-patient median values are presented. For non-normally distributed variables, comparisons were made using the Wilcoxon rank-sum test with the Rosner-Glynn-Lee method and comparisons of variances were made using the Fligner-Killeen test. Analyses were performed in R statistical software using the clusrank package.
RESULTS
Patient Characteristics
Of the 350 patients undergoing VT ablation guided by Rhythmia in our centers, we were able to identify 36 complete VT circuits in 31 patients (Table) . Twenty-nine (94%) were male with a mean age of 65±13 years. The cause of the VT was ischemic in 27(87%), and idiopathic dilated cardiomyopathy in 4, among those patients with an ischemic substrate, the mean time since infarct was 18±8.8 years. The ejection fraction was 34±10%. Patients were taking a mean of 1.3 antiarrhythmic agents with 90% taking amiodarone at the time of the procedure. Mapping of VT isthmuses was completed in 22:19 minutes (12:07-28:10 minutes) with 9041 points (5942-12 436 points). The automated annotation of the mapping system frequently tagged far-field signals rather than local signals. Extensive manual reannotation was required to correctly identify the complete extent of the VT isthmus. Thirty-three (92%) isthmuses were identified in the LV endocardium and 3 (8%) in the epicardial LV (Figure 1 ; Movies I and II in the Data Supplement). Median VT cycle length was 431 ms (374-504 ms). Thirty-three (92%) isthmuses were identified in the LV endocardium and 3 (8%) in the epicardial LV (Figure 1 ). In 4 patients (13%, 3 of whom had an ischemic cardiomyopathy), a second VT was initiated and mapped after ablation of the first circuit. In one patient cycle length alternans resulted from intermittent 2:1 block in the inner loop of the tachycardia.
Isthmus Topography
Eleven (31%) VT circuits were single loop with activation from exit to entrance along a single outer loop, of which 3 (8%) were perimitral; 25 (69%) were double loop with return activation towards the entrance via both sides of the isthmus, of which 5 (14%) had perimitral activation as one of the outer loops.
VT isthmuses were complex in structure, with 3 having 2 entrances, 5 having 2 exits, 11 having 1 dead end of activation, and 4 having 2 dead ends. Eleven (31%) of isthmuses were tortuous, with a >90° change in activation direction within the isthmus itself. The median isthmus length was 36.8 mm (26.5-54.1 mm), and the median minimum width was 9.5 mm (7.8-13.2 mm). Isthmus borders were defined by barriers which were composed of ≥1 of the following: an anatomic barrier, namely the mitral annulus, in 11/36 (31%), lines of complete block in 35/36 (97%), and lines of slow conduction in 27/36 (75%). The median length of nonanatomic barriers to conduction was 99.8 mm (55.1-143.7 mm), of which 64.8 mm (39.1-105.1 mm) were complete block, and 22.8 mm (07.5-46.9 mm) were slow conduction. The median proportion of barriers made up of slow conduction, rather than complete block was 30% (13%-50%). Median barrier width was 3.1 mm (3.0-3.3 mm). 
Conduction Velocity and Voltage
Multiple VTs
In 5 cases, 2 VT circuits (a total of 10 VT circuits) were seen in each patient, 4 with a second VT after ablation of the first and 1 with alternating VT circuits. Minor variability in the VT cycle length was common. In 1 patient, however, marked cycle length variability was noted with 2 common cycle lengths and long periods of cycle length alternans. In this case, mapping was performed without beat exclusion on the basis of cycle length. Subsequent offline analysis was performed of the short and longcycle length beats in separate maps. This identified an intermittently conducting barrier in an inner loop within the scar, resulting in 2 different cycle lengths, but a single common entrance, isthmus and exit (Figure 4 ; Movies IV and V in the Data Supplement); therefore, the isthmus was identical, but the overall circuit was different because of activation returning to the entrance either via an inner or an outer loop. In 2 patients, there was no overlap between VT circuits, which passed through different parts of a single large scar region. In 1 patient, there were 2 VTs, the second occurring after ablation of the first. They shared part of the same isthmus, with the entrance of the first VT becoming the exit of the second and the exit of the first becoming 1 of 2 entrances of the second. The other entrance of the second VT was passively activated with wavefront collision during the first VT. In the final patient, a Y-shaped isthmus, with 2 basal entrances and a more apical exit was ablated, allowing a perimitral VT between the 2 basal entrances with the isthmus between the mitral annulus and a large scar formed by the previously ablated isthmus (Figure 5 ; Movies VI and VII in the Data Supplement). In the 3 zones identified which acted as both entrance and as an exit, there was a trend toward more rapid conduction when acting as an exit, but this did not reach statistical significance (P=0.14).
Timing of Activation
Median timing of activation in entrance zones, relative to diastole was 16% (−5% to 31%) of the diastolic interval. Timing of activation in the entrance often
Figure 2. Conduction velocity during ventricular tachycardia (VT).
Left, Timing and velocity data analyzed using custom scripts in MatLab software. Activation (color) identifies a single-loop reentry (white dashed line). Conduction velocity (grayscale overlay) shows zones of slow conduction or block defining the lateral margins of the isthmus. There is another line of block outside the isthmus which results in a single loop, rather than dual loop, VT circuit. There are regions of slow conduction in the entrance and exit of the isthmus. Right, Median conduction velocity in entrance, isthmus, and exit zones. P values for comparisons are shown.
overlapped with the preceding QRS as the entrance activated simultaneously with passively activated zones elsewhere. Median timing of isthmus zones was 47% (32%-68%) of the diastolic interval. Median timing of exit zones was 77% (66%-87%) of the diastolic interval (Figures 6 and 7) . The median absolute timing of activation in exit zones was 56 ms (27-97 ms) ahead of QRS. Median relative and absolute activation timing in entrance and isthmus zones had greater variability than in exit zones (P=0.008 and P=0.02).
Axis of Activation
Axis of activation could not be determined in 2 VT circuits because of isthmus tortuosity. Activation was approximately longitudinal (±45° to the long axis of the ventricle) in 28 (78%) and circumferential in 8 (22%). For septal (5 VTs), anterior (8 VTs), and lateral (1 VT) isthmuses, the general axis of the VT isthmus was longitudinal in all cases. Circumferential activation was only seen in posterior (4/8 VTs) and inferior (4/14 VTs) isthmuses, with the remainder of isthmuses in these regions being longitudinally orientated.
Ablation and Outcome
After ablation VT was noninducible by programmed stimulation at the end of the procedure in 24 (71%) and either induction was not tested or only nonclinical VT was induced in 8 (25%). The following complications were observed: 1 iliac artery dissection, 1 groin arterio-venous fistula, 1 complete heart block, which was anticipated because of the position of the VT isthmus relative to the His-Purkinje system, and 1 LV pacemaker lead displacement, there were no periprocedural deaths. After a median of 8.2 (2.8-11.5) months of fol- 
DISCUSSION
In this study, we mapped VT isthmuses in scar-related VT at high-density, identifying the following key features.
1. VT circuits identified were more complex than previously reported, 7 with multiple entrances, exits, and dead ends. Tortuous isthmuses were common. 2. Conduction velocity in the VT isthmus slowed at isthmus entrances and exits when compared with the mid isthmus and dead ends. 3. Local EGM voltage in the VT isthmus is low, consistent with previous definitions of dense scar. Local signal voltage is often higher in VT than in sinus or paced rhythms.
4. Activation of VT exits occurs ≈56 ms before QRS onset, or 77% of the diastolic interval and the mid isthmus is largely activated in diastole, between QRS complexes. Activation of entrance zones is more variable and frequently overlaps with the preceding QRS.
Isthmus Morphology
The present study describes isthmus morphology in greater detail than was previously possible with fewer mapping points and larger, more widely spaced recording electrodes. Small, closely spaced electrodes outperform large, widely spaced electrodes in their ability to detect and discriminate near-field signals. 12 Previous studies have identified VT circuits and isthmuses but typically have described simple isthmuses between 2 paral- lel lines of block. 1, 3 By mapping with higher resolution we have demonstrated that the barriers which define the VT isthmus are tortuous and often not parallel, with activation wavefronts entering and exiting the protected isthmus at multiple points. Complex isthmus morphology has previously been suggested by recordings made at the time of surgical treatment of VT, 13 and entrainment mapping studies have confirmed the frequent presence of dead ends within the VT isthmus.
14 Even with mapping at the resolution in the present study, the activation patterns generated are a simplification of the true activation pattern. Fractionated EGMs were often seen, which correspond to the activation of multiple fibers within the myocardium, as has been described with small scale (≈100 μm) recordings in isolated tissue specimens. 4, 15 The isthmuses mapped in the present study are longer, wider, and more complex than those seen in a swine model but similar to those seen in a previous human VT study. 1, 7 The differences between swine and human results may reflect the time from infarct to electrophysiology study in human cohorts, which is much longer, 10 years on average, 16 than is feasible with an animal model. The time from infarct to electrophysiology study in the present study is longer still, at 18 years, probably because only mappable VTs (ie, slower and better tolerated VTs with greater remodeling) were included. Length of time after infarct is associated with increasing EGM fractionation and LAVA delay, 17 suggesting that chronic remodeling of the infarct substrate continues long after the index event, resulting in complex isthmus structure with branching isthmuses and dead ends of activation. We also identified a single case where VT had a fixed QRS morphology but a variable cycle length. This was the result of 2 VT circuits with a common exit and mid isthmus but an intermittent line of block (2:1 block throughout most of the mapping period) in an inner loop (Figure 4) . This illustrates the importance of the substrate outside the critical isthmus. Slow conduction and functional block contribute to delayed activation return, which may help to sustain the tachycardia.
Local Signal Voltage
VT circuits in the present study were observed to pass through areas of low bipolar voltage, often <0.2 mV, that is often described as dense scar. In fact, the mid isthmus median near-field signal amplitude was <0.2 mV in sinus or paced rhythm in all cases where a sinus or paced map was recorded before ablation. This indicates that although VT is commonly seen to exit from scar border zone, lowvoltage scar areas are likely to harbor critical parts of the VT circuit in mappable VT. Interestingly, we observed that diastolic signal voltage in the mid isthmus was lower in sinus or paced rhythms than in VT. This difference may be explained by changes in the direction of wavefront propagation with respect to the recording electrodes; most isthmuses were orientated longitudinally in the ventricle, and recordings were made between electrode pairs on the same spline, that is longitudinally on the Orion catheter, and so wave fronts during VT may have been more likely to be orientated perpendicularly to the recording electrode pair. Alternatively, there may be a true difference in signal amplitude in the mid isthmus during VT because of differences in fiber recruitment between rhythms. During VT, activation in scar is mostly in one direction, often aligned with endocardial muscle fiber orientation: this reduction in wavefront collision may improve fiber recruitment. Further, shortened fiber refractory periods during tachycardia and protection of the mid isthmus by lines of functional block may allow recruitment of more fibers during tachycardia than in sinus or paced rhythms, increasing local signal voltage. 
Conduction Velocity
The present study identified slowing of the activation wavefront at isthmus entrances and exits, with relative preservation of conduction velocity in the mid isthmus. This observation is supported by modeling data which suggests that wavefront curvature and anisotropy, as would be expected at entrance and exit zones, result in wavefront slowing. 2, 6, 19 This pattern of slowing at isthmus entrances and exits with faster conduction in the mid isthmus is also mirrored in swine data but with different absolute velocities, as might be expected from the higher baseline conduction velocity in swine ventricle. 7, 20, 21 The mid-isthmus velocities we report here are similar to those seen in surgical mapping studies of VT 13 .
Complete Block Versus Slow Conduction
Reentrant circuits are dependent on a region of conduction block to prevent the reentrant impulse from shortcircuiting the activation pathway. 5 This barrier to conduction can be either an anatomic structure (such as the mitral valve), complete block, because of scar or functional block arising from the properties of the cardiac tissues (as in the circus movement). 22, 23 Completeness in a line of block cannot be determined by activation mapping in tachycardia alone, but a complete line of block would be expected to be characterized by activation arriving from opposite directions, whereas incomplete block or slow conduction would be characterized by slow moving activation through the region of block in a single direction. We identified regions of slow conduction or functional block accounted for 30% of conduction barriers and in one case all of the barriers which defined the isthmus. Confirmation of functional or complete block at these sites would require assessment in sinus rhythm and with pacing from multiple sites, which was beyond the scope of the present study, but which will be the focus of future studies by our group.
Clinical Implications
The feasibility of mapping VT, including the protected part of the circuit, with the Rhythmia system has previously been demonstrated. 10 This study highlights the utility of such an approach in the ablation of VT. Pacemapping VT circuits may be difficult where there are multiple entrances and exits. Such an approach may identify the common isthmus but may not identify the branches of a Y-shaped circuit which may support other VTs. 24 Electrogram timing is not a perfect indicator of isthmus location; the entrance to the VT circuit overlaps with the terminal portion of the QRS complex in half of cases, making identification difficult. Conversely, exit regions are consistently activated in late diastole, 56 ms ahead of QRS onset in our study. This is in keeping with studies demonstrating that ablation at pacing sites with a stimulus to QRS interval of >60 ms has a higher chance of terminating tachycardia, suggesting that the timing from exit zone activation to QRS is ≈60 ms. 25 Other regions of the protected circuit are also activated in this period, including dead ends and portions of the mid isthmus with late activation, however. Furthermore, multiple exits may mean that ablation at one exit site may not terminate or prevent VT.
The importance of functional block in forming barriers to activation in VT is also relevant to clinical VT ablation. Regions of functional block may not be apparent from activation mapping in sinus or paced rhythm and may be dependent on cycle length and direction of wavefront activation.
The complexity of the VT circuits provides further rationale for substrate-based ablation to eliminate LAVA. Complex circuits with multiple entrances and exits will be effectively eliminated by complete elimination of all substrate, even if the role of all of the regions of abnormal signal in maintaining VT is not understood at the time of the procedure. Data from the present study suggest that, as well as clear, high-voltage abnormal signals, lowvoltage abnormal signals, close to the noise level of the recording equipment, should also be targeted; as regions of low voltage can form critical parts of the VT circuit.
Limitations
Only a small proportion of VT circuits are sufficiently well tolerated and sustained to allow mapping of the critical isthmus. The circuits described here, therefore, are representative of a small subset of all VTs and, therefore, the findings of this study may not be applicable to less well tolerated or faster VTs.
Activation timing, and therefore conduction velocity, was only measured on a 2-dimensional endocardial or epicardial surface. We did not measure transmural conduction velocities where transmural conduction may play an important role in a VT circuit. The majority of cases studied were of VT related to postinfarction scar, however, which is largely an endocardial phenomenon. Therefore, we think that the measurement of endocardial surface activation timing is likely to represent the critical parts of the VT circuit. Mapping of velocity in a fully 3-dimensional manner would not be possible in a clinical study of this sort. Further, assessment of conduction velocity assumes that the activation wavefront moves directly between points on the map by the shortest route, where zigzag activation has been described in ex vivo studies of infarcted tissue. Therefore, the activation maps generated in this study represent, almost certainly, simplifications of the true activation pattern in the circuit, limited by the resolution of the catheter and mapping system used. Finally, entrainment data were not available for all circuits, partly because of the offline analysis of circuits after the case, limiting circuit identification to activation mapping alone. 
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